Abstract-This paper is concerned with the stability analysis of networked control systems wherein nodes exchange information over a limited communication channel. Considering the existence of random transmission delay, a switched system model is constructed according to the open loop or closed loop communication dictated by the limited communication. Based on it, a new type of system model with stochastic parameter is proposed in terms of the probability distribution of the system updated or not, such that the sufficient conditions for the stochastic stability of the systems are derived by using the Lyapunov functional method and linear matrix inequality technique, which is the merits of this paper. Finally, the number example is given to illustrate the effectiveness of proposed method.
designed a quantized controller and state estimator by coarse discretization method. [3] proposed an H approach to a remote control problem where the communication is constrained due to the use of a shared channel. In [5] , stability of systems in the presence of bounded uncertain time-varying delays in the feedback loop due to bandwidth constraint was studied. However, the process of limited communication can not be described clearly in the abovementioned literatures, which deserves studying further. Extend the idea in [6] , Ishii and Francis [7] considered the Dwell Time Controller for systems with output feedback, and the logarithmic partition were made overlapping so that the system can tolerate some noise generated. [1, 8] proposed the model-based control architecture, and sufficient conditions for Lyapunov stability were derived. Based on it, [9] proposed the observer-based output feedback control design. In addition, [10, 11] investigated the stability for the continuous-time and discrete-time networked control systems based on a smart controller configuration. However, it should be noted that transmission delay and packet loss are taken no account in the existing literatures ( [1, [8] [9] [10] [11] ) on limited communication, they have an important impact on the performance of the system actually. The other is concerned with scheduling and bandwidth allocation to improve or reduce communication constraint to the control systems [12, 13] . In this paper, transmission delay is taken into account in stability analysis of networked control systems subject to limited communication, which is first contribution of this paper. Parameter denoted whether the controlled plant is updated by the communication networks or not is assumed to follow Bernoulli stochastic process, such that the sufficient conditions for the stochastic stability of the systems are derived by using the Lyapunov functional method and linear matrix inequality technique, which is the second contribution of this paper. Finally, the number example is given to illustrate the effectiveness of proposed method.
II. MODELING SYSTEMS WITH TIME DELAY
Considering the following system given by
where
are the state vector, control input vector, and controlled output respectively; A , B and C are some constant matrices of appropriate dimensions.
System architecture similar to [11] is adopted, as illustrated in Fig. 1 K connects 2, in this case, the plant is controlled by the closed loop subsystem based on the following state observer for the plant.
where ( )
are the state vector and controlled output of observer, respectively. L is a gain matrix. Fig.1 .Architecture of the networked control systems [11] The state feedback controller can be expressed as
where K is some constant matrix of appropriate dimensions, and Actually, network transmission delay affects the performance of control systems inevitably such that it need to be taken into account. Without loss of generality, we assume the network transmission delay, including sensor to controller delay and controller to actuator delay, is bounded, that is 0 k i dT < ≤ ( d is a positive integer and T is the sampling period of the sensor) .
Set k
Obviously,
x e , we obtain the following augmented 
Then,
By (6) and (8), the following system can be derived.
It is the typical property that much more plants share the network resource and communicate over limited bandwidth in networked control systems. In this case, it seems natural to access the network in terms of the pre-arranged transmission protocol for every plant, which makes it possible and reasonable whether the system is open loop or not can be modeled as a function of the stochastic variable satisfying Bernoulli process.
Define two sets From the definitions of 1 Ω and 2 Ω , it can be seen that 1 k ∈ Ω means that the closed loop networked control system, and 2 k ∈ Ω means that the open loop networked control system. Therefore, we can define a Bernoulli stochastic sequence as
with Pr ob{ ( ) 1} k a δ = = and Pr ob{ ( ) 0} 1 k a
Remark 2. The introduction of ( ) k δ is motivated by [14, 15] , where the Bernoulli distributed sequence ( ) k δ is used to describe the packet loss and time-varying delay appearing in different intervals, respectively. Different from [14, 15] , ( ) k δ used in this paper indicates the connection between the plant and communication network.
III. STABILITY ANALYSIS
In this section, we will give the sufficient condition for the stochastic stability of networked control systems with limited communication. By the definition of ( ) k δ , (9) can be rewritten as
For simplicity, we will use the following notation
where [ ]
Lemma 1 (Jensen inequality) [16] For any positive symmetric 
where 
we have 
Noted that
By Lemma 1, we have 
Similarly, (16)- (20), we can obtain 
Then, Theorem 1 can be driven.
IV. CONTINUOUS-TIME SYSTEMS CASE
In this section, we will consider the continuous-time systems with limited communication subject to transmission delay. Similar to the discrete-time case, the modeling method and stochastically stable criterion are derived.
Considering the following system given by ( ) τ denote sensor to controller delay and controller to actuator delay, respectively. The observer is as follows
The state feedback controller can be expressed as ( ) ( ) t t = u Kω (24) where K is some constant matrix of appropriate dimensions, and
When the system are updated by the network, that is [ , )
LC e LCx
Similarly, we obtain the following augmented system
Corresponding to the definition of ( ) k δ , ( ) t δ subjects to the Bernoulli process. Further, we have
Definition 1 [14] For a given function 0 :
its infinitesimal operator is defined as
Lemma 2 (Jensen inequality) [14] For any positive symmetric
, a scalar η , the following inequality holds For the purpose of simulation we consider the transmission failure probability 0.05 a = similar to [10] , which means that ( ) 0 k . As shown in Fig. 2 , the lower is speed of convergence, much greater is the transmission failure probability. It is evident that limited bandwidth has significant impact on the performance of systems.
VI. CONCLUSION
The Stability of networked control systems subject to a limited communication channel is analyzed in this paper. Different from the existing methods, random transmission delay is considered in the model constructed according to the open loop or closed loop communication dictated by the limited communication. Moreover, a new type of system model with stochastic parameter is proposed in terms of the probability distribution (Bernoulli distribution) of the system updated or not. Based on stochastic theory, the sufficient conditions for the stochastic stability of the systems are derived by using the Lyapunov functional method and linear matrix inequality technique. Finally, the number example is given to illustrate the effectiveness of proposed method. 
